A multipass cell is described which allows efficient stimulated Raman frequency shifting for low pump laser intensities and low gas pressures. The latter is important for Raman shifting of narrow-band Fourier-transform limited light pulses (A v = 75 MHz). It is shown that frequency broadening of the Raman shifted light can be largely avoided in the Dicke narrowing regime at low pressures. For 75 MHz pump pulses and an H2 density of 2.5 amagat we found a negligible broadening to 90 MHz of the stimulated Stokes light. This is far below the value of 250 MHz expected from spontaneous emission. The narrow-band Stokes pulses achieved in CO2 enabled us to measure the pressure shift coefficient ( -0.71 × 10-2 cm-1/amagat) of this gas. It is demonstrated, for the example of benzene, that our technique provides a very practical light source for high resolution molecular spectroscopy.
Introduction
The tuning range of narrow-band sin#e-mode dye laser systems is limited by the wavelength range and efficiency of the dyes and the available pump laser frequencies. Therefore it is highly desirable to develop a technique for frequency shifting of narrow frequency light without loss of spectral selectivity. Stimulated Raman scattering (SRS) in high density gases is known to be a convenient technique for frequency converting tunable dye laser emission, but has so far been used only for broader bandwidths.
Until 1990, no successful attempt had been made to reduce the bandwidth of Raman shifted light to its physical limits [ 1, 2 ] . For a pump laser with negligible linewidth, the bandwidth of the Raman shifted light is determined by pressure broadening in the high density regime of the gaseous Raman medium (H2: p > 5 amagat) and by Doppler broadening in the low density re#me (H2: p< 2 amagat).
Dicke narrowing [ 3 ] is expected to lead to a nat- rowing of the linewidth of the Raman transition below these limits in a specific density regime. This has been observed by stimulated Raman backward scattering in H2 [4] , in spontaneous Raman forward scattering [ 5 ] , and with the method of stimulated Raman gain spectroscopy [6] [7] [8] . In H2 a minimum spontaneous Stokes linewidth of 250 MHz was observed at a density of 2.5 amagat. Another narrowing process is caused by the Q-branch collapse (line mixing) phenomenon [9 ] . In the Raman vt band of CO2, both narrowing processes occur in same density regime of about 0.3 amagat [ 10, 11 ] . Efficient Raman shifting of laser light in single-pass cells requires pressures of several bar [ 12 ] . Due to their increased interaction lengths, multi-pass cells are advantageous because they reduce the SRS threshold pump power [ 13 ] and allow the pressure to be reduced to the narrowing regime. With this technique and a low pressure of 900 Torr, Saint-Loup et al. achieved a linewidth of 120 MHz (fwhm) at a Stokes conversion efficiency of about 12% in the Raman medium CO2 [2] . However, no data are available for the most common Raman medium H 2.
In this work a new multipass cell that produces a narrowing beyond the spontaneous linewidth in H2 and beyond the v~ bandwidth in CO2 [ 10, 11 ] is de-scribed. For the first time a linewidth of the Raman shifted light of less than 100 MHz is obtained in H2.
Experimental apparatus
Our experimental setup for narrow-band stimulated Raman shifting is shown in fig. 1 . A multipass unit was designed and constructed for Stokes and anti-Stokes shifting of the extremely narrow-band light of a pulsed amplified cw single mode dye laser in the Raman media H2 (shift: 4155 cm-' ) and CO2 (shift: 1388 cm -1). The setup consists of a modematching telescope [ 14] , the multipass optics and the gas cell. A lens is used to receive a collinear beam at the exit of the optics, and a dispersion prism separates the fundamental and the frequency-shifted light.
For the multipass optics the Herriot design [ 15 ] was chosen. It combines a long optical path length with periodic refocusing and therefore provides reasonable conversion efficiency for the given pump pulse energy of 4-5 mJ and the low gas densities necessary for the narrowing. In previous works on Raman shifting with multipass optics the mirrors were positioned inside the gas cell containing the Raman medium [ 2, 13 ] . In this work we decided to place the mirrors outside. This resulted in simple manufacturing and handling and enabled us to optimize the operation parameters of the cell easily. The inherent problems of this new design are additional losses and depolarization of the light at the windows of the intermediate gas cell [ 16] . In the small signal limit, the gain G in the Stokes output power due to the multipass arrangement is only dependent on the losses and the number n of passes through the gas cell [ 2, 13 ] G~ (Tefrs) "-1 1 -(Teffe)" dows with Ts ~ Tp >t 99.3% yielded a multipass gain of G= 13 for n=26 passes through the cell. Theoretically, a total cell transmittance of 60% is expected after 26 passes through the cell. The second inherent problem of our cell design is the strain birefringence of the pressure vessel windows. This causes a depolarization of the light, which strongly decreases the efficiency of frequency doubling neeessary for an application in uv spectroscopy. The strain was controlled and minimized in an optical strain analyzing device. Mode matching [14] fits the curvature of the wavefronts of the beam to that of the mirrors. Thus the spot radius on the mirrors (hwhm) w and the beam waist Wo follow the equations [ 17 ] L2N/ l+g w2=L2~. 1-
with g-1 -L/R. L is the distance between the mirrors of curvature R and 2 the pump wavelength. Real and finite solutions for the spot radius w exist only if0 ~<g2 ~< 1. From eq. (2) it can be seen that a nearly concentric geometry (L/R < 2) provides tightest focusing (thereby enhancing the Raman gain [ 13 ] ). From eq. (2) it is also recognized that maximum w is obtained for (L/R <~ 2) and large cell dimensions (R, L), thus reducing the light intensity at the mirrors. Thus mirrors with R=500 mm (L~950 ram) were chosen, leading to a reasonable and convenient experimental setup and operating parameters well below mirror and cell window damage thresholds.
The beam of the pump laser is injected from one side of the multipass cell using a small adjustable right angle prism and leaves the cell on the other side by means of an identical prism ( fig. 1 ). The light spots on the mirrors resulting from the different passes through the cell are located on a circle. Thus the spacing d between two neighboring spots must be larger than the size of the prism (d> 3 ram). Mirror substrates with 60 mm diameter are most suitable for these conditions, since n=36 is the number of passes that provides optimum gain in the small gain limit (eq. ( 1 ) ) and thus an upper limit for efficient conversion in the high gain regime. The gas cell was constructed to withstand pressures up to 7 atm with fused silica windows of 10 mm thickness (~ = 50 mm). The cell length of 600 mm was chosen to be larger than twice the Rayleigh range (ZR = 100 mm) [ 17 ] , where most of the conversion occurs.
The output of a single-mode cw dye laser (CR 699) was amplified in a three-stage amplifier to produce the narrow-band tunable pulsed laser light in the wavelength range 470-520 nm. The three amplifiers were pumped by the output of a XeC1 excimer laser (EMG 150). At a wavelength of about 510 nm, light pulses of 5 mJ energy and 10 ns duration (fwhm) are produced from pump pulses of 100 mJ. Their frequency width is about 75 MHz, and thus nearly Fourier-transform limited [ 18, 19 ] .
Experimental results and discussion

General operation conditions
In fig. 2a the dependence of the Stokes pulse energy Es, measured for three different numbers of passes in CO2, is plotted as a function of the gas pressure. It may be seen that for a constant pump pulse energy (Ep = 4.4 mJ) the pressure needed to achieve a reasonable conversion efficiency can be significantly reduced for an increasing number of passes. The dashed horizontal line indicates the 7.5% conversion efficiency. For a pressure of 5 bar this conversion efficiency was obtained with 8 passes, for a lower pressure of 2 bar with 12 passes, and for the lowest pressure of 1.2 bar with 24 passes. It should be noted that the distance L between the mirrors has to be readjusted for each number of passes [2] .
In fig. 2b the pulse energy of the first Stokes emission, Es, is plotted as a function of the pump pulse energy, Ep, at a pressure of p = 3 bar. Here it is recognized again that the required pump pulse energy can be reduced when the number of passes through the cell is increased. This means conversely that for a defined pump pulse energy the gain increases when the number of passes is increased. It will be shown below that this high gain is responsible for additional narrowing of the Stokes linewidth. In order to achieve maximum conversion efficiency (table 1 ) of the Stokes and anti-Stokes shifted components of different orders, the number of passes had to be adjusted separately in each case. Typfcally, for CO2 at the required low density of 0.9 amagat and a pump pulse energy of 3 m J, conversion efficiencies of 16% for the first Stokes emission (24 passes) and 2.8% for the first anti-Stokes emission (26 passes) were achieved. Similarly, for an H 2 density of 3.5 amagat a high Stokes conversion efficiency of 27% and an anti-Stokes conversion efficiency of 1% were achieved in 12 passes.
Linewidth
The linewidth of the Raman Qo~ ( 1 ) transition of H2 in the Dicke narrowing regime has been investigated by spontaneous measurements [5 ] and by stimulated Raman gain spectroscopy [6] [7] [8] . The results [ 8 ] (i) The minimum linewidth of 90 MHz achieved in SRS is significantly lower than the value of 250 MHz of the Qo~ ( 1 ) transition [8 ] and is close to the exciting laser linewidth of 75 MHz; substraction of the laser linewidth (assuming for simplification lorentzian lines) would result in a linewidth of 15 mHz for the broadening caused by SRS in the multipass cell.
(ii) The linewidth minimum is shifted to higher densities ( 3.5-4 amagat).
(iii) The measured increase of the linewidth at higher densities (due to pressure broadening) is less than expected from spontaneous Raman data [ 5 ] and from stimulated Raman gain spectroscopy [ 8 ] . The effects described above for H 2 are also found for the Stokes-shifted SRS emission in CO2 gas ( fig.  3b, lower part) . For comparison, the density dependence of the p~ full bandwidth of CO2 measured by stimulated Raman gain spectroscopy [ ] 1 ] is shown in the upper part. Recently, the additional narrowing (4) (4) has been observed in previous work [6, 21 ] . With eq. (4) the results (ii) and (iii) can be explained by the higher gain expected for higher densities. Here gain narrowing becomes even more evident.
From figs. 3a and 3b it is seen that narrow-band Stokes-Raman shifting is possible at higher densities than predicted by spontaneous linewidth measurements (H2 [5] ) and stimulated Raman gain spectroscopy (H2 [8] , CO2 [ 10, 11 ] ); similar results were found for anti-Stokes shifting (table 1 ) . This is of great practical importance as it leads to a high conversion efficiency for the Raman shifted light.
where GsRs is the total Raman gain. For Gs~s ~ e a° and APspEm =250 MHz the minimum linewidth for H2 eq. (4) yields Avs~,,~38 MHz. This is in reasonable agreement with the value of 15 MHz in our experiment. For broader laser linewidths and higher densities stronger narrowing than predicted by eq.
Pressure shift
For the narrow-band Raman shifted light of the present work (Av=90-120 MHz, see table 1 ) the pressure shift in the Raman medium has to be considered. Using the,multipass cell, the variation of the Raman frequency shift of the collapsed p~ Q-branch [ 10, 11 ] as a function of the gas density was accurately determined for CO2 gas, as shown in fig. 4 . For absolute frequency calibration, the iodine absorption spectra were recorded [22 ] 
Here z, is the Raman shift in cm-~ and p the density in amagat.
Application to high resolution molecular uv spectroscopy
The Raman Stokes light, shifted in CO2 gas, was frequency doubled and used for high resolution molecular spectroscopy in a supersonic beam. For demonstration the 60 hot band of benzene molecules is shown in fig. 5 . It was measured with the technique of mass selected two-photon ionization via a resonant intermediate state [23] . Ionization was achieved by a second delayed frequency-doubled pulsed dye laser. For the experimental resolution of 160 MHz (see insert in fig. 5 ) most of the rotational lines in the vibronic 60 transition are resolved. The high resolution and the good signal-to-noise ratio in the spectrum enabled us to determine the rotational constants BE, CE, B0 and C0, the Coriolis coupling constant (E and the band origin Z'o with high precision on the basis of a symmetric top model [ 19 ] . A detailed description of this analysis will be given elsewhere, here only the results will be summarized briefly.
In a first step the ground state constant BE was fitted to combination differences of lines with constant J', K', and AK but differing AJ. Next the constant C~ was calculated from the theoretically known rotational defect A= h/8n2c( 1/C-2/B) = 0.0570 amu A 2 for the 6~ state [ 24 ] . Lastly, a fit of the remaining cotastants (E, B~, and C0 to 81 unblended lines was performed, yielding a standard deviation of 22. 
